 Fiber-like substances served as the skeleton of larger size aggregates.  A fractionation method was proposed for cake sludge characterization.  Cake sludge had higher cake layer fouling potential but prevented pore blocking.  Accumulation of organics (mainly polysaccharides) and inorganics was detected.  Refractory organics accumulation enhanced their microbial metabolic diversity.
Introduction
Recently, significant progress has been achieved in both research and application of membrane bioreactors (MBRs), which exhibit several advantages over conventional activated sludge processes during wastewater treatment and reclamation by adopting microfiltration/ultrafiltration for solid/liquid separation. However, membrane fouling remains not well resolved, which contributes considerably to the operating and maintenance costs and limits the more widespread applications of MBRs [1] and [2] . Membrane fouling is caused by the complex interaction between the membrane and mixed liquor component, including suspended solids, colloids, biopolymers, and solutes, which is introduced from raw wastewater or produced during biomass growth and decay [3] .
The contributions of different sludge fractions to membrane fouling have been extensively studied [4] , [5] , [6] , [7] and [8] . Among the complex foulants, biopolymers, including soluble microbial products (SMP) and extracellular polymeric substances (EPS), are widely accepted as primary fouling-causing substances [4] . It was found that due to the membrane rejection effect, SMP was more easily accumulated in MBRs, resulting in the poor filterability of sludge suspension [5] . Additionally, in a lab-scale submerged anaerobic MBR, it was observed that fine particles and a higher level of EPS preferentially accumulated in the cake sludge compared with bulk sludge [6] . Moreover, inorganic elements, especially metal cations (Mg, Al, Fe and Ca), were found to accumulate in cake sludge and enhance cake layer formation [7] and [8] . The above analysis indicated the important effects of various foulants on cake layer formation.
Nevertheless, cake layer formation on the membrane surface was inevitable, and cake layer fouling accounted for over 80% of the total filtration resistance in most MBR studies [9] , [10] and [11] . During long-term filtration, there is a continuous increase in filtration resistance caused by the accumulation and compression of the cake layer. Thus, recent efforts have been devoted to characterizing the cake layer, including the physical morphology and structure [9] and [12] , chemical composition [8] and microbial properties [13] , theoretical analysis and modeling [12] . One study using a series of analytical methods showed that structures, EPS concentrations and microbial communities changed significantly along the cake depth, and the continuous accumulation and interaction of foluants on the membrane surface decreased cake layer porosity, which was closely related to the TMP increase [10] . It was also reported that cake sludge had a specific filtration resistance nearly three orders of magnitude higher than that of bulk sludge [11] , which was mainly due to the accumulation of the biopolymer clusters (BPC) within the cake sludge pores. Thus, the cake layer can be defined as a porous and inhomogeneous media formed on membrane surfaces due to the adsorption, deposition and accumulation of various foulants [14] . The above lab-scale/pilot-scale studies indicated that cake sludge has quite different fouling behavior from that of bulk sludge due to foulant accumulation, especially in MBRs during long-term operation; thus, it is highly appropriate to comprehensively characterize cake sludge to facilitate cake layer fouling control in MBR applications.
Most of the studies involving cake sludge characterization were conducted in lab-scale/pilotscale MBR systems mainly fed with synthetic wastewater. Therefore, the results obtained may be inappropriate to be extend directly to full-scale MBR applications because of the difference in fouling behavior between lab-scale/pilot-scale and full-scale MBRs, as confirmed by several researchers [4] and [15] , and also limited work has been done in fullscale MBR until present. Thus, the objective of this study is to investigate the characteristics of cake sludge in terms of fouling behavior, foulant accumulation and microbial properties in a full-scale MBR treating domestic wastewater for approximately four years by various analytical methods. The results obtained in this study are expected to provide new insights into cake sludge properties and membrane fouling control in full-scale MBR applications.
Materials and methods

The full-scale MBR system and operation
The MBR system with a treating capability of 2000 m 3 /d for domestic wastewater treatment and reclamation is located in the university campus of Xi'an, China. The biological treatment unit was divided into four sequential zones, namely, the anaerobic tank (150 m 3 ), the anoxic tank (420 m 3 ), the oxic tank (480 m 3 ) and the MBR tank (120 m 3 ), in series ( Fig. S1 of Supporting information). 216 submerged PVDF hollow fiber membrane modules (MUNC-620AII type, Asahi Kasei Chemicals Corp., Ltd., Japan) with a nominal pore size of 0.1 μm and total membrane area of 5400 m 2 were installed in the MBR tank. The effluent was extracted by suction pumps at a fixed flow rate (16 L/m 2 h) under an intermittent operation mode (9 min on/1 min off). Air was monitored by flow rate meters and continuously supplied through the air diffusers to the oxic tank (2000 m 3 /h) and MBR tank (2000 m 3 /h) to provide oxygen demanded by microorganisms and scour the membrane surface, respectively. Accordingly, the concentration of dissolved oxygen in the oxic tank and MBR tank was in the range of 2-5 mg/L and 4-7 mg/L, respectively. After pretreatment by screening (coarse screen and fine screen with bar clearances of 5 mm and 1 mm, respectively) and regulation, domestic wastewater collected from the university campus was supplied into the AAO-MBR system. The characteristics of the raw wastewater can be found elsewhere [16] . The system was equipped with a programmable logic controller (PLC) for automatic control of the operation, including equipment involved in the influent, aeration, sludge recirculation and effluent. TMP was monitored by an on-line pressure gauge. The hydraulic retention time (HRT) was approximately 12.5 h, and the sludge retention time (SRT) was set at 20-40 d.
Analytical methods
Cake sludge collection and fractionation
Cake sludge formed on the membrane surface was scraped off by using a plastic sheet as the membrane module was taken out for physical cleaning, which was operated in accordance with the reported methods [7] and [10] . The exact time period for sampling was between June and July 2015. All of the collectable cake sludge from 12 membrane modules was collected to address the observed problem of an uneven distribution of cake layers on the membrane surface when the modules were lifted for physical cleaning (once per year). Additionally, within the sampling period, cake sludge was sampled more than three times from different membrane modules. The collected sample was diluted with deionized water to achieve the same MLSS level as that of bulk sludge, and then was placed on a magnetic blender and gently mixed. However, it was noted that after a long period (several hours to days) of mixing, a certain amount of large particles remained in the mixed cake sludge, which disrupted the accurate analysis of cake sludge properties, due to the difficulty in sampling. Therefore, further fractionation of cake sludge was proposed and conducted by using a series of stainless steel sieves, with sieve pore sizes of 2 mm, 0.5 mm and 0.2 mm, respectively. In addition, the effect of the proposed fractionation method on cake sludge properties is discussed in a subsequent section.
EPS extraction and analysis
EPS extraction from bulk sludge and cake sludge samples was performed using the thermal treatment method [16] . The content of the extracted EPS samples was analyzed in terms of proteins and polysaccharides. Proteins were quantified using the modified Lowry method, in which bovine serum albumin was used as the standard [17] . The polysaccharide concentration in EPS was determined according to the anthrone method, in which glucose was used as the standard [18] .
PSD analysis
PSD of the cake sludge and bulk sludge was analyzed using a laser granularity distribution analyzer (LS 230/SVM+, Beckman Coulter Corporation, USA) with a detection range of 0.4-2000 μm. The detailed pretreatment for cake sludge before the PSD analysis is described in Section 2.2.1. Three measurements of each sample were taken and typical PSD curves were reported.
Batch filtration experiment
The filtration properties of cake sludge and bulk sludge were evaluated by batch filtration experiments using a stirred dead-end cell (MSC300, Mosu corp., Shanghai, China) [19] and [20] . To avoid the effect of MLSS on filterability of different sludge samples, the MLSS concentration of raw cake sludge was diluted to the same level as that of bulk sludge (MLSS=4 g/L). The membranes employed for filtration were hydrophilic polyvinylidene fluoride (PVDF) flat sheet membranes with a nominal pore size of 0.1 μm and an effective membrane area of 28 cm 2 (VVLP9050, Millipore Corp., USA), which were the same material and pore size as the membrane used in the full-scale MBR process. Nitrogen gas was adopted to allow for a constant pressure for filtration. The permeate flux data were continuously logged using a top-loading electronic balance (Sartorus, BSA2202S, Germany) connected to a personal computer. Prior to each filtration, each of the new membranes was soaked in ultrapure water for 24 h and further cleaned through filtering ultrapure water for 30 min at a pressure of 25 kPa to remove any impurities and to stabilize the permeate flux. The filtration pressure was maintained constant at 10 kPa and the stirring speed in the cell was set at 200 rpm throughout the experiments. All of the experiments were conducted at room temperature (25±2 °C). After filtration, the membrane surface was gently cleaned by using a sponge and followed by rinsing with ultrapure water to remove the cake layer. Then, the membrane was used again to filter ultrapure water. The filtration resistances, including R t , R m , R c and R p , were calculated according to the resistance-in-series model [21] , where R t is the total membrane resistance, R m is the intrinsic membrane resistance, R c is the cake resistance, and R p is the fouling resistance due to pore blocking. Three replicates of the filtration experiment for each sample were performed and typical filtration curves were plotted.
Component analysis
After the cake sludge was collected using the method described in Section 2.2.1, it was ovendried at 60 °C for 24 h. The organic composition of the cake sludge was analyzed using a FTIR spectrometer (IR Prestige-21, Shimadzu Corporation, Japan). Powders of the sample were mixed with KBr powders at a mass ratio of 1:100 and pressurized into a pellet. The wave number spectrum was then determined over the range of 4000-400 cm −1 . The FTIR spectrum of bulk sludge was also obtained according to the same method. The inorganic elements in the cake sludge and bulk sludge were measured by employing the SEM-EDX analyzer (Oxford INCA Energy 350, UK). Each sample was detected three times for FTIR and EDX analysis.
3D-EEM analysis
The 3D-EEM fluorescence spectra of the EPS samples were measured using an FP-6500 spectrofluorometer (Jasco Corporation, Japan). Emission spectra of EEM were subsequently scanned from 220 to 550 nm in 5 nm increments by varying the excitation wavelength from 220 to 450 nm in 5 nm steps. The software Origin Pro 8.0 (Origin Lab Corporation, USA) was used to assess the EEM spectra as the elliptical shape of contours were plotted and presented.
Microbial activity and community
The specific oxygen utilization rates (SOUR) of heterotrophic bacteria, ammonium oxidizers and nitrite oxidizers, namely, (SOUR) H , (SOUR) NH4 and (SOUR) NO2 , were determined to indicate the microbial activity [22] and [23] .
To determine the microbial community of sludge samples related to the community metabolic diversity (CMD), Biolog assay was adopted according to previously reported methods, with some modification [24] and [25] . Firstly, sludge samples were washed twice with sterile 0.85% NaCl solution and then diluted to a cell density with an optical density at 420 nm (OD 420 ) of 0.30±0.05. Next, the suspension was horizontally shaken at 250 rpm for 20 min, followed by settling for 30 min. Lastly, 150 μL of the supernatant was inoculated into each well of an EcoPlate (Biolog), which contains 31 individual carbon sources in triplicate and 3 negative controls (without carbon source) in a 96-well plate format. The plates were incubated at 28 °C for 120 h, during which time, the OD 590 values were measured every 24 h using a plate reader (Biolog). The patterns of sole carbon source utilization were then expressed as an index of the net OD 590 value in each well by subtracting the control reading from the sample reading. Microbial metabolic activity in the Biolog EcoPlate was expressed as the average well color development (AWCD), which was calculated according to the formula described in the reference [24] .
Additional analysis
Photographs of the membrane modules were taken by an SLR camera (EPM2, Olympus Corporation, Japan). Microscopy observations of sludge samples were captured by a digital camera (N90i, Nikon Corporation, Japan) attached to a microscope. Mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS) were measured according the standard methods [26] .
Results and discussion
Long-term operation performance of the full-scale MBR
The full-scale MBR system was operated for approximately four years at the local university campus of Xi'an, China, which is located in a water deficient district, showing excellent performance in terms of pollutant removal and membrane filtration performance. Detailed information about the treatment performance has been reported previously [16] and [27] . The treated effluent suitable for various non-potable purposes, such as toilet flushing, landscaping and irrigation, was totally reused in the campus. In addition, membrane filtration performance represented by the evolution of TMP with operational time was recorded and is presented in Fig. S2 of Supporting information. Chemical cleaning in-place (CIP) was conducted once after 900 days of operation. It was noted that the range of TMP variation was between 10 kPa and 30 kPa, and did not show the tendency of a 'TMP jump', as reported in previous studies [28] and [29] . A similar phenomenon was detected by other researchers [15] and [30] , who claimed that the TMP jump was more frequently observed in small-scale experiments, and fouling rates measured at the lab-scale were inappropriate to describe long-term full-scale operation due to the distinct and inherent differences between them.
Moreover, many studies confirmed the important effect of cake layer formation on filtration performance, as cake layer fouling commonly account for more than 80% of the total filtration resistance [9] , [10] and [11] . Further observation of foulants (mainly the cake layer) on membrane modules was conducted. As shown in Fig. S3 of Supporting information, the uneven distribution of various foulants was observed, which was consistent with one previous study stating that the cake layer was not uniformly distributed on the entire surface of all of the membrane fibers [31] . The middle part of the modules was covered with a cake layer that could not be easily seen by the naked eye, which could be attributed to a thin gel layer. However, the top of the modules was obviously twined by fiber-like substances (including hair, paper scraps, plastic debris, etc.) with the length of several centimeters. These fiber-like substances were very light and could float on water surfaces, which were mainly derived from raw wastewater during long-term operation. The bottom of the modules was covered with an evident cake layer, which was attributed to the uneven distribution of aeration in the MBR tank and to the removal of foulants from the top and middle part of the modules when they were removed from the membrane tank. It should be noted that cake sludge samples could be collected only when the modules were lifted for cleaning, but unfortunately due to hydraulic disturbance, it was impossible to maintain the distribution of cake layers in the same status as the membrane was immerged in the MBR tank. Therefore, all of the collectable cake sludge was collected, mixed and used as representative sludge samples for further characterization.
Morphology and fouling behavior of cake sludge
Morphology of cake sludge
The morphology of sludge samples was analyzed by means of PSD analysis and microscopic observation. Fig. 1 shows the typical PSD of bulk sludge and cake sludge. Multimodal curves were observed both for bulk sludge and cake sludge. However, the majority of the flocs in the bulk sludge were distributed in the range of 0.4-100 μm, and some had sizes larger than 100 μm. Although the raw cake sludge had a widespread PSD with small flocs (0.4-100 μm), large flocs (more than 100 μm), and even large aggregates (more than 2 mm) existed. As described in Section 2.2.2, large aggregates (more than 2 mm) affected the characterization of cake sludge due to sampling problems. Thus, a fractionation method using a series of stainless steel sieves (2 mm, 500 μm, 200 μm) was proposed and applied for cake sludge sieving. As shown in Fig. 1 , after fractionation, the cake sludge samples showed similar PSD curves to those of bulk sludge, although the PSD curves of cake sludge shifted to larger sizes and more large-sized flocs (more than 100 μm) were detected. It was observed by several researchers that smaller particles had a higher tendency to accumulate on the membrane surface in the initial stage of membrane fouling [1] , [6] and [7] . However, the aggregation of particles and other foulants occurred later in the cake layer, so larger aggregates were detected in the current study. The obtained results could be clearly verified by microscopy observations of sludge samples shown in Fig. S4 of Supporting information. From Fig. S4 (a) and (b), bulk sludge was found to be porous and loose in structure, whereas raw cake sludge showed a dense and compact structure with a large amount of fiber-like substances existed. The fiber-like substances might have served as a skeleton and contributed to the cake layer formation. However, after fractionation by different pore size sieves, the cake sludge showed similar morphology to that of bulk sludge. The results emphasized the accumulation phenomenon of fiber-like substances and their important effects on the formation of large aggregates in cake sludge. It was unexpected that until present, little attention has been paid to this phenomenon. The fiber-like substances was further identified, which could be found in Supporting information (Fig. S5) . Based on the SEM-EDX analysis, fiber-like substances in the cake sludge included abundant filamentous bacteria with relatively short lengths and small diameters, and also a certain amount of large size fiber-like substances, which could be both organic and inorganic in nature.
Apparently, fractionation of cake sludge using the 2 mm sieve could exclude most of the oversized aggregates and avoid their impact on the sampling problem in cake sludge characterization from full-scale MBR process. From the point of practical application, pretreatment of raw wastewater using the fine screen (pore size <2 mm) is recommended to prevent the fiber-like substances from entering the biological treatment unit (especially for MBR tank) because the fiber-like substances promote the formation of a compact cake layer and hinder membrane fouling control. Moreover, as adopted in the investigated full-scale MBR system, currently in most MBR plants, super-fine screens (with pore size of 1 mm) were used, which could be effective in excluding large size fiber-like substances; however, some small size fiber-like substances with the diameters smaller than 1 mm still passed through the fine screen, so more attention still should be given to these fiber-like substances.
Fouling behavior of cake sludge
The filtration properties of bulk and cake sludge were studied using batch filtration experiments. Fig. 2 indicates the typical filtration curves of sludge samples reflected by timecourse filtration flux variation. By comparison, it was found that different initial fluxes and stable fluxes occurred. For filtering the bulk sludge, the initial flux was as high as 160 L/m 2 h, but for the raw cake sludge, the value was much lower (50 L/m 2 h). After a rapid flux decline for 2-4 min, the flux decreasing rate tended to decrease for the following 5-10 min. Then, the fluxes leveled off at relatively constant values of 65.6 L/m 2 h and 16 L/m 2 h for bulk sludge and raw cake sludge, respectively. After fractionation by a series of sieves, the filtration fluxes of the fractionated cake sludge were quite analogous and were distributed between those of bulk sludge and raw cake sludge. Thus, the filtration tests further verified the fractionation method and confirmed the important effect of large aggregates on fouling behavior of cake sludge.
To illustrate the filtration resistance distribution of sludge samples, bulk sludge and cake sludge filtered through the 2 mm sieve were used for specific filtration tests, as shown in Fig.  3 . It was noted that two sludge samples showed different filtration properties in terms of fouling behavior and flux recovery. Obviously, bulk sludge showed better filterability than cake sludge, as demonstrated by the higher stabilized flux (65.6 L/m 2 h vs 34.3 L/m 2 h). However, after physical cleaning, the flux recovery efficiencies of the two sludge samples were quite similar. Using a resistance-in-series model, different filtration resistances could be calculated. From Table 1 , it was noted that cake sludge had much higher cake layer fouling potential than bulk sludge, as the cake layer fouling resistance of the former was approximately 7 times as high as that of the latter. Also the two sludge samples had nearly the same pore blocking resistance. Therefore, it was concluded that although the larger PSD and more heterogeneous structure of the cake sludge resulted in higher cake fouling resistance, the formed cake layer could effectively prevent membrane pore blocking by retention of potential foulants, such as fine particles and biopolymers. The cake layer formation on the membrane was beneficial to the filterability of the MBR process, which has been recognized by previous researchers [21] and [32] . It was shown that the cake layer acted as a secondary or dynamic membrane that screened the primary membrane from the more strongly fouling species, e.g., smaller sized particles [21] . A previous study reported that a thin cake layer on the membrane could improve MBR performance, as the cake could prevent the membrane from soluble microbial product (SMP)-related fouling and protect against long-term fouling, and thus adopted a controlled aeration rate to facilitate the formation of a thin cake layer [33] . 
Foulant accumulation properties of cake sludge
EPS analysis
EPS in bulk sludge and cake sludge after fractionation was extracted and the main components were determined through a series of measurements. Fig. 4 compares the EPS content of the two sludge samples. Proteins were found to be the main components in both samples, the concentrations of which were nearly the same, i.e., 71 mg/gMLVSS. The polysaccharide concentrations were much lower than those of proteins, i.e., approximately 7.5 mg/g MLVSS and 31.5 mg/g MLSS in bulk sludge and cake sludge, respectively. Obviously, unlike proteins, more polysaccharides accumulated in the cake sludge. A previous study attributed the higher EPS in cake sludge to the following two points: (1) the rejection of dissolved organic matter (DOM) in sludge supernatant revealed by a consistently higher organics concentration in bulk sludge supernatant than in effluent; (2) the presence and accumulation of numerous fine particles in cake sludge, which have higher EPS than that of large flocs and bulk sludge [7] . The results were helpful for determining the important factors affecting EPS accumulation in cake sludge. However, this analysis did not consider the metabolism activity of microorganisms in cake sludge because microorganism could utilize certain parts of the accumulated organics for growth and other activities. The above analysis indicated that EPS concentration in cake sludge was controlled by at least three factors, although the exact contributions of each were not clear. Overall, EPS in cake sludge was higher than that in bulk sludge, and it is reasonable to hypothesize that the retention of DOM in bulk sludge contributed significantly to the EPS in cake sludge, as continuous sludge filtration constantly moves organics in bulk sludge towards the membrane surface. Fig. 4 . EPS content in bulk sludge and cake sludge (the number of sample measurement: n=3).
Humic substances were also important components of EPS, as demonstrated by the EEM spectra of the two sludge samples in Fig. S5 of Supporting information. It was detected that the two spectra both demonstrated three fluorescent peaks, namely, Peak A, Peak B and Peak C. Peak A was detected at the excitation/emission wavelengths (Ex/Em) of 225-230/355-370 nm, whereas Peak B was located at the Ex/Em of 285-290/350-365 nm. The two peaks have been reported as protein-like fluorescent peaks, in which the fluorescence is associated with aromatic protein-like substances (Peak A) and tryptophan protein-like substances (Peak B) [34] , [35] and [36] . Another peak (Peak C) with Ex/Em at 315-325/410-420 nm was also observed, which has been reported to be associated with humic acid-like substances [36] . The fluorescent properties in terms of peak location and fluorescent intensity (FI) of the two samples were quite similar, indicating no significant accumulation of protein-like substances and humic acid-like substances, which partially confirmed that the EPS in bulk sludge and cake sludge was closely related.
Organic and inorganic component analysis
The FTIR spectra of bulk sludge and cake sludge are shown in Fig. 5 , and similar profiles can be observed. The peaks near 3430, 2929 and 1045 cm −1 are attributed to the presence of polysaccharides or polysaccharide-like substances in MBRs [36] . Furthermore, the relatively higher peak intensities indicated that the cake sludge contained more polysaccharides than the bulk sludge, which is consistent with the component analysis discussed previously. The characteristic peaks for protein, included those near 1656, 1558 and 1454 cm −1 [37] , so the nearly identical peak intensities of the two samples indicated the presence of similar amounts of proteins in sludge samples. The other organic substances identified also included aliphatic substances (the peaks near 2929 and 2857 cm −1 ), fat and/or cellulose (the peaks at 1411 and 1239 cm −1 ) [38] and [39] . Based on the FTIR spectra analysis, the major organic components in sludge samples were identified as proteins and polysaccharides. EDX analysis was further performed for both bulk sludge and cake layer to identify the inorganic content. Compared with bulk sludge (Fig. 6(a) ), the elements of Fe, Mg, Al, Si, Ca, P, S, K and Na were obviously detected in cake sludge (Fig. 6(b) ), especially for multivalent cations. Similar results can be found in the literature either in aerobic or anaerobic MBRs. In a lab-scale MBR treating synthetic wastewater, the main inorganic elements in the cake layer were P, Si, and Ca, followed by S, K, Fe, Al and Mg [8] . The following elemental composition was detected in the cake layer from a lab-scale anaerobic MBR: 71.67% C, 9.03% O, 4.45% Ca, 4.39% S, 3.54% P, 1.94% Mg, 1.72% Al, 1.46% Si, 0.68% Cl, 0.60% Na, 0.30% K, and 0.15% Mn. Moreover, it was reported that inorganic elements played an important role in thick cake layer formation and high cake layer resistance [7] . Although the content of the accumulated elements (especially for Mg, Al, Fe and Ca) were less than that of other foulants (fine particles and biopolymers), they would enhance cake layer formation through charge neutralization and the bridging effect [7] and [8] . Specifically, the fine particles and colloids had negative surface charges, whereas the biopolymers contained anion groups, such as , , and OH − , which facilitated their interaction with multivalent cations through charge neutralization. Moreover, because organic foulants (i.e., polysaccharides and proteins) had high molecular weights and complex structures, the multivalent cations could be easily captured by these negative ions by the bridging effect. The synergistic interaction among various foulants (fine particles, organics and inorganic substances) by the above-mentioned two effects would cause biological precipitation and enhance cake layer fouling [40] , which might also contribute to the heterogeneous structure of cake sludge during long-term MBR operation, as discussed previously. Fig. 6 . EDX analysis of samples: (a) bulk sludge and (b) cake sludge.
Microbial activity and community structure of cake sludge
Cake sludge had a relatively compact and less porous structure and always attached to membrane surfaces, although the movement of a few fine particles was observed [29] . The unique structure of the cake sludge resulted in a limitation effect of substrates and dissolved oxygen for microorganisms due to the limitation of mass transfer [7] . Thus, during the longterm MBR operation, the microbial activity and community structure in the cake sludge were expected to be different from those of bulk sludge.
To characterize microbial properties, the cake sludge was diluted to nearly the same sludge concentration as the bulk sludge. Firstly, the MLVSS/MLSS ratios of bulk sludge and cake sludge were measured, which were about 75% and 60%, respectively. The MLVSS/MLSS ratio was used to roughly assess biomass activity in mixed liquor. The results indicated that the biomass in the cake layer showed lower activity and obvious inorganic substance accumulation. SOUR was adopted to reflect the respirometric activities of aerobic microorganisms in the sludge samples. The respirometric activity of heterotrophic bacteria, ammonium oxidizers and nitrite oxidizers was described by (SOUR) H , (SOUR) NH4 and (SOUR) NO2 , respectively. From Fig. 7 , it was found that (SOUR) H and (SOUR) NH4 in the bulk sludge were 8.2 and 3.7 mgO 2 /gMLVSS h, which were twice as high as those in the cake sludge. However, (SOUR) NO2 of the bulk sludge and cake sludge was almost the same, and thus the total SOUR of microorganisms in the cake sludge was much lower. The result was similar to one study conducted in a dynamic membrane bioreactor, which reported that the organic degradation activity and nitrification activity of the suspended biomass were higher than those of the biomass in the cake layer, whereas nitrosification activity of the two sludge samples was almost the same. Additionally, it was claimed that although the biomass in the dynamic membrane (DM) originated from the mixed liquid, its activity was decreased when it attached to the module. This might be due to the insufficient organic matter and dissolved oxygen supply in the DM [41] . From the above analysis, it was noted that other aspects, such as foulant accumulation and potential microbial community difference might also be factors affecting biomass activity. Biolog assay has been a common method to characterize microbial metabolic diversity in various environments, such as surface water, ground water, soil and wastewater treatment plants [24] and [25] . However, the microbial community functional diversity of bulk sludge/cake sludge in MBRs is poorly understood. Thus, Biolog assay was chosen to examine the microbial community structure of two sludge samples. In this study, the Biolog EcoPlate was used, which contained 31 different carbon sources as follows: two amines, six amino acids, seven carbohydrates, nine carboxylic acids, three complexes and four polymers [25] . Fig. 8 demonstrates the distribution of carbon source utilization activity of the bacterial community in the sludge samples. By comparison, it was noted that for four types of carbon sources (i.e., amino acids, carbohydrates, carboxylic acids and complexes), the bulk sludge showed higher metabolic activity than the cake sludge. However, for the other two types of carbon source (amines and polymers), the cake sludge unexpectedly showed higher metabolic activity than bulk sludge. Careful analysis showed that the four types of carbon sources that could be more easily utilized by bulk sludge belonged to readily biodegradable substances, whereas the other two types of carbon sources were slow biodegradation or nonbiodegradation substances. Thus, it was observed that the accumulated organics in cake sludge, especially for the non-biodegradation substances, such as aromatic proteins, humic acids and esters had a very long retention times. During the long-term MBR operation, under the condition of substrate limitation, microorganisms in cake sludge gradually change their metabolic patterns to adapt to the new environment, which eventually changes the microbial community, as verified by various studies [7] and [13] . Therefore, the microbial community structure in cake sludge was found to be different to that in bulk sludge, which could apparently explain the accumulation phenomenon of organics foulants in cake sludge (Section 3.3.1). However, it is not clear why the cake sludge shows higher metabolic activity for proteins and humic and lower metabolic activity for carbohydrates, More research is needed to clarify the underlying mechanism. 
Conclusions
The characteristics of cake sludge were investigated in comparison with bulk sludge in a fullscale MBR during long-term operation. Morphological analysis showed that fiber-like substances might have served as the skeleton for the formation of large aggregates and compact cake sludge structures, resulting in higher cake layer fouling potential, but effectively prevented pore blocking, as verified by batch filtration using cake sludge and bulk sludge. It was also found that considerably polysaccharides and inorganic elements such as multivalent cations were accumulated in the cake sludge than other foulants. As a result of the SOUR analysis and Biolog assay, it was further recognized that although the cake sludge had lower respirometric activity for aerobic degradation, it showed higher metabolic activity in the degradation of refractory substances, such as aromatic proteins and humics. The heterogeneous structure, fouling behavior and microbial properties might be due to a series of complicated interactions among the accumulated inorganic and organic substances in the cake sludge.
